Long time coherent integration technique is one of the most important methods to improve the radar detection ability of a weak maneuvering target. However, the integration performance may be greatly influenced by the range migration and Doppler migration effects caused by the complex motions of maneuvering targets when long time integration is applied. Besides, the frequency hopping characteristic of the transmitted signal will also result in Doppler migration which cannot be eliminated by the conventional coherent integration method. To deal with this problem, a novel coherent integration method based on phase compensation is proposed. By using the frequency hopping pattern, the Doppler migration is eliminated by adding an extra phase in the twiddle factor of Fourier Transform in this proposed method. Since the phase error is compensated, long time coherent integration can be achieved. The effectiveness of the proposed method is verified by the simulation results and the performance analysis.
I. INTRODUCTION
Radar system, whether active or passive, detects the reflection of an available radar source or non-radar source transmission signal off the interested target. By correlating the reference signal with the reflected signal return from the environment in two dimensions (time delay and Doppler shift), the distance to and the speed of the target can be determined [1] - [3] . As for engineering application, to meet the requirement of real-time, a radar system usually integrate the correlation results over a short time. It is known that the coherent integration can increase the signal-to-noise ratio (SNR) of a weak target and thus improve the radar detection ability [4] - [6] . However, with the development of science and technology, especially the Unmanned Aerial Vehicle and the stealth technology, these maneuvering targets with little Radar Cross Section (RCS) bring challenge to radar detection [7] - [9] . Besides, to expand the effective detection distance, remote target with little RCS is another detection problem for radars.
To solve the detection problem of the weak target, long time integration technique has been proposed. Coherent integration, incoherent integration and their hybrid application are the main methods for long time integration. Coherent integration method can improve the energy level of the target echo observably whereas the rigorous phase relationship The associate editor coordinating the review of this manuscript and approving it for publication was Khalid Aamir. among the signals is required. A better integration performance can be obtained by the coherent method. Incoherent integration is achieved by accumulating the signal amplitude without phase information. But the integration performance is worse. The hybrid application of the coherent method and the incoherent method is another integration method whose performance is somewhere between the two methods. Considering the performance of target detection, coherent integration method is studied since it performs well in integration.
As well known, coherent integration method is achieved by moving target detection (MTD) technology which is realized by Doppler filters. The Doppler filters are employed to achieve Fast Fourier Transform (FFT) on the multi-pulse or continuous signal. With long time integration, the complex motions of the maneuvering target will result in range and Doppler migration. Many algorithms have been proposed to solve the migration problems. Keystone Transform (KT) and its improvement [10] - [14] are used to eliminate range migration before FFT. As for Doppler migration, time-frequency analysis [15] - [20] , such as Hough-Wigner Transform, Fractional Fourier Transform and Short Time Fourier Transform, is the main method to solve this problem. Except the high maneuverability of the target, the frequency hopping characteristic of the transmitted signal will also result in Doppler migration. This kind of migration cannot be eliminated by the conventional time-frequency analysis method.
To deal with the long time coherent integration problem for frequency hopping pulse (FHP) signal, incoherent integration processing is the common method. But, limited by the detection performance, incoherent integration methods are not the optimal choice. Thus, long time coherent integration method for FHP signal is proposed in this paper. In this novel method, the Doppler frequency difference caused by the characteristic of FHP signal is compensated by adding an extra error phase to the twiddle factor of Fourier Transform. Since the Doppler frequency difference is compensated, this Doppler migration effect can be eliminated.
Except the long integration technique, utilizing the bistatic structure of the radar system is another approach to detect the weak target. Based on the analysis on the RCS of stealth aircraft, the feasibility of anti-stealth in bistatic/multistatic radar has been discussed in [21] , [22] , which shows the superiority of the bistatic/multistatic radar in detecting the stealth target compared with the traditional monostatic radar. Due to the bistatic/multistatic working pattern, the receiver of the radar system works silently. Thus, the system is not easy to be disturbed by a hostile radar jammer and attacked by an anti-radiation missile. What is more, the receiver of the bistatic/multistatic radar system can also work by exploiting the readily available broadcast or communication transmissions as the radar source, which is called as Passive Bistatic Radar (PBR). The available transmissions include Frequency Modulation (FM) [23] , [24] , Digital Video Broadcasting-Terrestrial (DVB-T) [25] , [26] , Long Term Evolution (LTE) [27] , [28] , Global Navigation Satellite System (GNSS) [29] , [30] and so on. Besides, bistatic/multistatic radar system can work continuously which will surely increase the integration time. Therefore, in this paper, we consider a simulation scenario that the bistatic radar is applied.
The structure of this paper is shown as follows. The mathematical model of the signal is established in Section 2. Next, the conventional coherent integration method is introduced in Section 3. Then in Section 4, the proposed long time coherent integration method is discussed. Simulation results and performance analysis are shown in Section 5. Conclusions are drawn in Section 6.
II. PROBLEM FORMULATION
Except transmission stations, a typical bistatic radar system usually consists of two sets of antenna (shown in Fig. 1 ): one is the reference antenna which is used to collect the direct signal transmitted from the transmitter as the reference signal; the other one is the surveillance antenna which is mainly used to collect the target echoes, but it is inevitably contaminated by the direct signal from the transmitter and the multipath reflected by the ground scatterers.
Supposing that the transmitted signal is a Minimum Shift Keying (MSK) modulated FHP signal. For each pulse signal, the information of modulation is different. The transmitted signal can be represented as where s msk (t) is the MSK modulated signal. m is the index of the pulse signal to be employed. f 0 is the carrier frequency of the first pulse signal and f m is the carrier frequency difference of the m th pulse signal compared with the first pulse signal. The signal received by the reference antenna can be represented as
where A m is the complex amplitude of the m th pulse signal in the reference antenna. τ r is the time delay of the direct signal. n ref (t) is the thermal noise in the reference antenna.
Similarly, the signal collected by the surveillance antenna is given by
where p is the index of the target echo to be received. A pm and f pm are the complex amplitude and Doppler frequency of the p th target echo coming from the m th pulse signal. τ p is the time delay of the p th target echo. A km is the complex amplitude of the k th multipath clutter echo (including the direct signal) coming from the m th pulse signal. τ k is the time delay of the k th multipath clutter echo. n sur (t) is the thermal noise in the surveillance antenna.
It should be noted that the Doppler frequency of a single target is different from pulse to pulse due to the frequency hopping characteristic of the transmitted signal. According to the relationship between the Doppler frequency and the velocity of the target, (3) can be further rewritten as Normally, to lower the sampling rate and the system complexity, the radio frequency (RF) signal is downconverted to the baseband for signal processing. As for FHP signal, the hopping frequency bandwidth is usually wider than the actual signal bandwidth, which results in a higher sampling rate of the system. Thus, it is unsuitable to downcovert the FHP signal to the baseband directly. What is more, due to the frequency hopping characteristic, the pulse signal cannot be down-converted to the baseband in turn, either. To solve the receiving problem of the FHP signal, a channelized receiving system based on polyphase filter [31] , [32] is employed. As the literal meaning, channelized receiving is achieved by dividing the signal bandwidth into several subbands uniformly. The wideband signal is down-converted and sampled in each sub-band for signal processing.
The FHP signal with 5MHz bandwidth is supposed in the simulation scenario where the hopping frequency bandwidth is 250 MHz and the center frequency is 1 GHz. Through channelized receiving, the bandwidth of 250 MHz is dividing into 50 sub-bands with a bandwidth of 5 MHz. Fig. 2 shows the response of each sub-band in frequency.
After channelized receiving, the reference signal and the surveillance signal can be rewritten as
It can be seen from (5) and (6) that both the reference signal and the surveillance signal are down-converted to the baseband which will surely lower the sampling rate. Then the reference signal and the surveillance signal are sampled according to Nyquist theorem. The sampled signals are shown as follow
where f s denotes the sampling rate. As all known, the Doppler frequency of a moving target is related to the velocity of the target and the carrier frequency of the radar sources. This relationship can be simply represented as
where ν denotes the velocity of the target. λ is the wavelength of the signal and c is the electromagnetic wave velocity.
Since the carrier frequency of the FHP signal changes over pulse, the Doppler frequency of a moving target with a constant velocity are different from pulse to pulse. This relationship can be represented as
From the analysis above, it can be concluded that the Doppler frequency of a single target echo is different from pulse to pulse. Applying the conventional method based on Discrete Fourier Transform (DFT) for coherent integration will cause Doppler diffusion and lower target detection performance. Thus, long time coherent integration method needs to be improved so that a better target detection performance can be achieved. Before discussing the proposed method, the conventional coherent integration method is introduced.
III. PRINCIPLE OF CONVENTIONAL COHERENT INTEGRATION
Conventional coherent integration method is achieved by DFT, which is performed to accumulate the energy of the target coherently. This process is represented as follows
where S M (n) is the range matched result and k represents the index of the Doppler channel.
Supposing that a uniform linear motion and a constant carrier frequency are given, the Doppler frequency of the target is constant in the whole integration time. In this situation, the coherent integration shown in (11) is the well-known MTD method and it is also regarded as the Doppler filter bank. The Doppler frequency of a moving target can be determined by finding the maximum value in each Doppler filter. This process can be written as
where f d = 2 v/λ is the Doppler frequency of the moving target. |S(n)| 2 is the amplitude information of the matched result. Then (12) can be further represented as
As well-known, only when the phase equals zero, does (13) reach its maximum value. Thus, it can be solved
The analysis above supposes that the carrier frequency of the radar source is constant. As for FHP signal, the carrier frequency of each pulse signal is different. Thus, (12) needs to be revised as
where M is the total number of the pulse signal. Further,
can be represented as
where f d 0 is the Doppler frequency of the first pulse echo signal. f d m is the Doppler frequency difference between the m th pulse signal and the first pulse signal. Next, (16) can be further rewritten as
Similarly, (17) reaches its maximum value when the phase equals zero. The result can be represented as
Regrettably, it can be seen from (18) that the Doppler frequency of a target which moves with a constant velocity are different from pulse to pulse. The Doppler frequency diffuse into serval Doppler filters, and the energy of the target cannot be accumulated. The integration performance is reduced sharply.
From the analysis above, it can be concluded that long time coherent integration method based on DFT is not suitable for FHP signal since the extra phase caused by the frequency hopping characteristic. In order to accumulate the energy of the target, the extra phase needs to be compensated so that the coherent integration can be achieved. The proposed coherent integration method will be discussed in detail in next section.
IV. COHERENT INTEGRATION METHOD BASED ON PHASE COMPENSATION
In this section, a long time coherent integration method based on phase compensation is proposed. In the proposed method, the phase error is compensated according to the frequency hopping pattern for FHP signal. The long time coherent integration is achieved by a revised DFT method with the compensated phase error.
Before compensating the phase error, it is required to find out the relationship between the Doppler resolution and the velocity of the target. It is well-known that the Doppler resolution is inverse to the coherent integration time. Assuming that the total coherent time is T 0 , it can be calculated that the Doppler resolution is 1/T 0 . Thus, the relationship between the Doppler resolution and the velocity can be represented as
The velocity in each Doppler cell is given by
Discretizing T 0 , (20) can be rewritten as
where T 0 = N /f s . N denotes the total sampling number. Then the compensated phase in a single Doppler cell can be represented as
Substituting (21) into (22), we have
From (23), it can be seen that the compensated phase is related to the hopping frequency f m . Thus, the compensated phase in the k th Doppler cell can be represented as
In order to achieve long time coherent integration, the phase error needs to be compensated in each Range-Doppler cell. The compensated error is added into the phase twiddle factor of DFT, and it can be represented as
Further, (25) can be rewritten as Then the phase twiddle factor in (11) is replaced by (26) , and (11) can be represented as
Equation (27) can be further represented as
It is known that only when the phase equals zero does (28) reach its maximum value. Two phase items equal zero simultaneously when As known f d = (2v/c) · f 0 , (29) can be represented as
This result is same as the result show in (14) when the carrier frequency of the radar source is constant. The result shows that the frequency diffusion caused by the frequency hopping characteristic has been eliminated. It can be concluded that the Doppler frequency of a single target locates in a single Doppler cell, which means that long time coherent integration is achieved. 
V. SIMULATIONS AND EXPERIMENTAL RESULTS
To verify the performance of the proposed long time coherent integration method based on FHP signal, serval numerical experiments are given in this section. In the simulation, the MSK modulated FHP signal with a frequency hopping bandwidth of 250 MHz is employed as the radar source. In the simulation scenario, the reflected echoes of three targets are received by the surveillance antenna. Through channelized receiving, the received signals are sampled with 5 MHz and observed for 0.1 s. The related parameters are shown in Table 1 .
To illustrate the influence of the frequency hopping characteristic, the Doppler frequency of the target with different velocities are analyzed, firstly. As suggested, when the coherent time is 0.1 s, the Doppler resolution of the radar system is 10 Hz. According to the relationship between the Doppler frequency and the velocity shown in (9), the Doppler frequency of a moving target with a velocity of 80 m/s is 467 Hz (corresponding to a carrier frequency of 875 MHz) and 600 Hz (corresponding to a carrier frequency of 1125 MHz), respectively. Since the Doppler scope of the target is larger than the Doppler resolution, the energy level of this target echo cannot be integrated by the conventional method.
Similarly, the Doppler frequency of a moving target with a velocity of 120 m/s is 700 Hz (corresponding to a carrier frequency of 875 MHz) and 900 Hz (corresponding to a carrier frequency of 1125 MHz). The Doppler frequency of a moving target with a velocity of 220 m/s is 1283 Hz (corresponding to a carrier frequency of 875 MHz) and 1650 Hz (corresponding to a carrier frequency of 1125 MHz). From these results, it can be concluded that the Doppler frequency of a moving target with a constant velocity is varying in a certain frequency scope since the frequency hopping characteristic of the FHP signal. Usually, this frequency range is larger than the Doppler resolution of the radar system. Thus, to achieve long time coherent integration, it is required to compensate the Doppler frequency difference among different pulse echoes.
Then the conventional coherent integration method and the proposed coherent integration method are applied, respectively. The specific information of three targets in simulations is listed in Table 2 . The integration results of three simulated targets are shown in Fig. 3 . Figs. 3(a)-(b) show the results when the conventional coherent integration method is applied. It can be seen from the results that the energy of three targets is diffuse and the parameters of the target are difficult to be estimated, which indicates that the conventional coherent integration method becomes ineffective because of the frequency hopping characteristic of the transmitted signal. Figs. 3(c)-(d) show the results when the proposed coherent integration method is applied. It can be seen from the results that the energy of the three targets is well-focused in most of the coherent integration time since the phase error has been compensated. Comparing the two results, it can be concluded that the proposed method can solve the Doppler migration problem in FHP signal processing which illustrates the effectiveness of the proposed method.
It can be seen from Fig. 3(a) that three targets still can be detected by utilizing parameters listed in Table 2 . To further illustrate the advantage of the proposed method in coherent integration, the SNR of three targets are all decreased in 10 dB. The results of three simulated targets are shown in Fig. 4. Figs. 4(a)-(b) show the results when the conventional coherent integration method is applied. It can be seen from the results that the targets are almost submerged by the thermal noise because of the weak target echoes. Figs. 4(c)-(d) show the results when the proposed coherent integration method is applied. It can be seen from the results that three targets still can be detected by the proposed coherent integration method. These results show that the proposed method can deal with the long time coherent integration problem for the FHP signal.
In this section, the input-output SNR performance and the detection ability are also examined to evaluate the performance of the proposed coherent integration method. Figs. 5(a)-(b) show the input-output SNR performance and the detection ability, respectively. A moving target is considered in the scene where the target moves with a constant velocity (i.e. velocity is 80m/s, 120m/s and 220m/s). The rest of the radar parameters are same as those in Table 2 .
For the input-output SNR performance, the input SNRs tested are varied from −30 dB to 20 dB. Coherent results of the conventional method (with different velocity) and the proposed method (with different velocity) are shown in Fig. 5(a) . The ideal coherent integration result that the target's energy is well-focused is also given. As for the detection performance, when the SNR output is bigger than 12 dB, the target is considered to be detected. The detection probabilities with different SNRs are calculated by 100 times of Monte Carlo trials. It can be seen from Figs. 5(a)-(b) that the proposed method can improve the input-output SNR performance and the detection ability. Besides, several points may be noted: 1) Compared with the conventional coherent integration method, the proposed method can obtain a better input-output SNR performance (5 dB or better) and target detection performance. This is because the proposed method can achieve the coherent integration in most of the integration time whereas the effective integrated pulse number in the conventional method is few.
2) Compared with the ideal result, the conventional method has a 10 dB performance loss. The reason is that the conventional method cannot achieve coherent integration. Thus, it suffers a serious integration performance loss in target detection. Since this situation has been improved, the detection ability of the proposed method is 5 dB or better than the conventional method.
3) Although the integration performance has been improved by the proposed method, the phase error caused by the frequency hopping characteristic of the FHP signal cannot be fully eliminated. Thus, the proposed method still has a 5 dB performance loss compared with the ideal result. 4) Although the probability of detection exceeds 0.9 when the SNR input is bigger than −15 dB by applying the conventional method, there are several peaks generated by a single target (shown in Fig. 3(a) ) and it is hard to determine the parameters of the maneuvering target.
VI. CONCLUSION
This paper focuses on the coherent integration problem for FHP signal. By using the hopping frequency pattern, a coherent integration method based on phase compensation is proposed. In this proposed method, the phase error caused by the frequency hopping characteristic of the FHP signal is compensated in each Doppler cell. Since the phase error is compensated, the energy of the target is well-focused in most of the integration time, which means that the proposed method can solve the problem effectively. Besides, numerical experiments by simulation are carried out and the result supports that the proposed method can achieve better coherent integration performance compared with the conventional method. What is more, the paper also provides a detail performance analysis including input-output SNR performance and detection ability. The result demonstrates that the proposed method can obtain a better input-output performance and a higher detection ability compared with the conventional method. Our future work may consist of accelerating the proposed method process, exploring the implementations of the method in real engineering application and making comparisons between the proposed method and other kinds of methods for the coherent integration problem for FHP signal.
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